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ABSTRACT 
 A DFT computational study and a structural analysis of the coordination of arenes to 
transition metals in low hapticity (1 and 2) modes have been developed, including a 
pseudosymmetry analysis of the molecular orbitals and the introduction of a hapticity map that 
makes evident the different degrees of intermediate hapticities.  Calculations on 
[PtIIL3(C6H6)] model complexes reveal a preference for the 2 mode, while the 1 
coordination is found to be a low energy transition state for a haptotropic shift.  The 
attachment of the arene to a side group that is coordinated to the metal introduces geometrical 
constraints which result in hapticities intermediate between one and two.  Comparison of the 
1 arene complexes with benzonium cations shows that in the former case the bonding to the 
metal involves essentially the  system of the arene, affecting only slightly the delocalized 
nature of the carbon-carbon bonds.  This behavior is in sharp contrast with the frequently 
found 1 coordination of Cp that involves  bonding and full dearomatization of the ring. 
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Introduction 
 In recent years, a wide variety of compounds have been characterized in which one or 
two carbon atoms of an arene ring are in close contact with a transition metal, far from the 6 
coordination that is found in the well-known sandwich and piano stool complexes.  In spite of 
the wealth of structural data accumulated, there is no systematic study on the structural and 
electronic trends common to those low hapticity compounds.  Many such complexes, for 
instance, appear in the literature and in the CSD (Cambridge Structural Database)1 as forming 
a  bond between the arene and the transition metal, others appear as non bonded, and only a 
fraction of them are represented as -bonded arene complexes.  An additional problem resides 
in the attribution of a hapticity number, since in many instances the differences in M-C 
distances do not allow one to decide which carbon atoms are truly bonded and which ones are 
not, hence situations intermediate between 1 and 2 or between 1 and 3 are quite common.  
Finally, there is a large number of complexes in which a pendant phenyl ring of a coordinated 
group (e.g., alkyl, aryl, phosphine or amine) may be close to the metal atom, thus raising 
doubts as to whether it is bonded or just sitting there. 
 Although we do not pretend to be comprehensive, we wish to provide a number of 
representative examples of cases in which a low hapticity coordination of an arene appears, 
starting by the independent rings, and looking afterwards at the anchored arene rings.  Among 
the numerous examples of arene coordination to AgI, for instance, no clear preference is found 
for one or another hapticity.2  Two nice examples of low hapticity coordination of independent 
benzene rings to a transition metal correspond to salts of the homoleptic cationic complex 
[Ag(C6H6)3]+.  In one of them
3 the three benzene rings present an 1 coordination mode, in a 
second salt4 one finds two 1- and one 2-coordinated rings, and in a third case5 the three 
rings present an 2 mode.  In a series of polyoxometalate-based coordination polymers, silver 
cations are coordinated by arene rings in 1, 2 and 3 coordination modes.6  Independent 
arenes are also found coordinated to AuI,7 ZnII,8 and even to silylium cations.9  In some 
instances an aryl group of a weakly coordinating BAr4- counterion can also be found 
coordinated with a low hapticity to ScIII, ZrIV or CuI.10-12 
 Buchwald and coworkers have observed that the distal arene ring of coordinated biaryl 
phosphines often acts as an additional donor to palladium centers in an 1 or 2 mode, 
sometimes accompanied by dearomatization of that ring.13  Similar 1 interactions have been 
found with AuI,14 RhI,15 VV,16 and Pd0 centers.17  Anchored arenes coordinated in an 2 
mode to RhI,18 IrI,19 and RuII 20 have also been described.  Finally, low hapticity coordination 
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of biaryl groups is also common in the quintuply bonded Ar’CrCrAr’ complexes reported by 
Power and co-workers (Ar’ = terphenyl ligand).21  In related quadruply bonded molybdenum 
compounds obtained by the group of Carmona, one of the Mo atoms features a Mo···Carene 
interaction at a distance just slightly longer than the typical bond lengths in -coordinated 
arene complexes.22  Analogous 1 coordination from triaryl amido ligands have been reported 
in low coordinate CoII and NiII complexes,23 and the aryl ring of the neophyl group can also 
be found 1 coordinated to PdII.24  Even if the coordinative bonding of those aryl rings could 
be questioned because they are held in close proximity to the metal center by the coordinated 
P, N or C atom, independent arene rings are indeed 1 coordinated in several cases described 
above. 
 We present in this work a combined computational and structural analysis of the -
coordination of arene rings to transition metals through only one or two carbon atoms, i.e., 
with 1 or 2 coordination modes.  We show first how a phenyl ring can act as a :1-bonded 
ligand by looking at its interaction with the simplest Lewis acid, the proton.  We then present a 
hapticity map that allows for some degree of discrimination of the low hapticities (1, 2 and 
3) that will be useful for the subsequent discussion, and then present our computational 
results on the low hapticity coordination of a benzene ring to a d8-PtL3 fragment, and compare 
them with the so called secondary coordination of flanking phenyl rings in -bonded bi- and 
ter-phenyl groups.   
A simple model for mono-hapto coordination of phenyl rings 
 The  coordination of an arene ring to a metal through a single carbon atom can be 
represented as a Lewis acid-base interaction (1).  Its simplest expression consists in the 
protonation of a benzene ring to yield a benzonium cation C6R6H+ (2), also called a Wheland 
intermediate.  That interaction is made more efficient by localizing at the interacting carbon 
atom two of the six  electrons of benzene, forming a lone pair that can account for bonding 
with the proton.  To that end, a reorganization of the  orbitals of the type shown in Figure 1 
might be expected, resulting in an MO localized mostly at the interacting carbon.  Such a 
localization is possible thanks to symmetry lowering from D6h to Cs, whereupon the a2u and 
one of the e1g MOs become of the same symmetry (A').  The overlap between the lone pair 
orbital and the Lewis acid can be further enhanced by an sp3 hybridzation, which may result 
also in an out of plane shift of the R group, gauged by the angle  defined in 2.  The angle 
formed by the incoming Lewis acid ( in 2) will allow us to calibrate the  ( ≈ 90º) or  ( ≈ 
55º) coordination in the 1 mode.  The orbital localization is nicely illustrated by looking at 
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the gradual changes of the 1a' MO of benzene as the proton approaches an arene carbon atom 
(Figure 2). 
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Figure 1.  Occupied  molecular orbitals of benzene (above) and mixing upon symmetry 
descent (below) that localizes one of them at the carbon atom that interacts with a Lewis acid 
in an 1 mode. 
   
Figure 2.  The -type a2u MO of benzene (left) and its progressive localization upon 
approaching a proton at 2.09 Å and  = 90º (center), finally reaching the optimized structure 
of the C6H7+ benzonium cation (right).  
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  The localization of the  orbitals can be described in terms of a Lewis structure of type 
3, in which two of the  electrons become involved in the Ph-A bond while the remaining four 
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 electrons and the positive charge are delocalized throughout the rest of the ring.  Such 
dearomatized ring presents a characteristic distribution of C-C bond distances, a > c > b.  The 
structural data for benzonium cations available from the CSD (R = H, Me; A = H, Me, Ph, 
CH2Cl; 19 structural data sets from 17 structures with acyclic C-R bonds) avail this 
description, with average ring distances of 1.46(3), 1.38(5) and 1.40(2) Å for a, b and c, 
respectively.  DFT calculations on the C6H7+ cation yield a similar bond distance distribution 
(1.469, 1.369 and 1.410 Å for a, b and c, respectively).  Moreover, a population analysis 
discloses a negative charge at Cipso of -0.20 when a proton is approached at 2.09 Å, to be 
compared with -0.02 at the para carbon atom and with -0.10 in neutral benzene.  Although in 
the C6H7+ benzonium cation, in which groups A and R are equivalent, one expects a full sp3 
hybridization, with identical angles  and  (2) when A and R have different electronic 
characteristics, situations closer to a perpendicular bonding of the incoming Lewis acid may 
occur.  In fact, the structurally characterized benzonium cations with different combinations of 
A and R substituents present an average asymmetry in the two angles  and  of 15º. 
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Low Hapticities in Transition Metal Complexes 
 In the compounds of interest to this work the coordination of an aryl group to a metal is 
not always easy to classify as 1, 2 or 3, and it is therefore convenient to try and find a way 
to roughly distinguish those low haptiticies from each other.  We therefore propose to calibrate 
the hapticity by comparing the three shortest M-C distances, d1 < d2 < d3 (Figure 3a) via the 
distance ratios 1 and 2 (equations 1 and 2) to put complexes with metal atoms of different 
size on the same scale. 
 
M
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d3
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3 5
64
  
 1  =   2
1 = 1
 
 a b c 
Figure 3.  (a) Projection on the arene ring of the three shortest M-C distances in a low 
hapticity metal-arene coordination.  (b) Projection of the positions of the metal atom 
corresponding to ideal hapticities.  (c) Reference lines for hapticity maps. 
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 1 = d2/d1  [1] 
 2 = d3/d1  [2] 
 
Figure 4.  Hapticity map that represents the ratios of the three shortest M-C distances defined 
in equations 1-2 for arene complexes classified in the CSD as 1- (bars), 2- (small crosses) 
and 3-coordinated (triangles; filled triangles for group 10 metal complexes).  The limits of 
the regions ascribed to each hapticity are arbitrarily set.  For data and references see 
Supporting Information (Tables S1-S3). 
  A projection of the ideal position of the metal atom on the arene ring for the different 
hapticities is shown in Figure 3b, and some special values of 1 and 2 are sketched in Figure 
3c.  Thus, for an 3 coordination, we expect the three M-C bond distances to be approximately 
equivalent and therefore 1 ≈ 2 ≈ 1.  For an 2 coordination, for which d1 ≈ d2 < d3, we 
expect 2 > 1 ≈ 1.  Finally, for an 1 coordination the following relationship holds: 1 ≈ 2 
>> 1  A scatterplot of the two ratios should therefore present distinct regions for the three 
hapticities, delimited by the polygons shown in Figure 4, whose boundaries have been 
arbitrarily established.  We also show there the ratios for the experimental structures classified 
in the CSD as mono-, di- or tri-hapto (Tables S1-S3).  It is seen that the classification criterion 
proposed works reasonably well for a large number of structures, even if there are no clear-cut 
borders.  The dispersion of the points with the same hapticity along the diagonal is found to be 
correlated with the angle  (2).  This plot suggests that the hapticity proposed in some cases is 
inconsistent with the geometrical parameters.  In particular, since the subsequent discussion 
will be focused mostly on group 10 complexes, we single out in Figure 4 the purported 3 
compouds of those metals, and observe that those that fall on the 1 region of the hapticity 
map25,26 obey the sixteen electron rule if they are considered as two-electron donors, whereas 
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those that appear in the 3 region27 should be considered as allylic four-electron donors 
according to the electron counting rule.  This example shows the hapticity parameters are in 
good agreement with bonding considerations. 
 It must be noted that a hapticity index proposed by Kochi,3,28 defined assuming that 
the metal atom sits directly atop a C-C bond, allows one to discriminate 1 from 2 
coordination, giving in all those cases values comprised between 1.0 and 2.0.  However, that 
hapticity index is not applicable for higher hapticities.  For instance, the 3, 4 and 6 
coordination modes yield a Kochi hapticity index of 2.  Similarly, the hapticity map used here 
is intended to discriminate the low hapticities (1 – 3), but is not applicable to higher 
hapticities, since the ratios for 3, 5 and 6 coordinations all fall along the 1 = 2 line, with 
1 = 2 = 1 for the ideal 6 mode (Figure 3). 
Computational Study of 1 Coordination of Benzene to a d8-PtL3 Fragment 
 In the experimental structures of the compounds considered here the metal-carbon 
distances of the 1–interacting phenyl groups are usually within the range found for -bonded 
metal-olefin complexes.  In addition, in some cases deviations of bond angles within the 
ligand from typical values can be interpreted as due to the tendency of the phenyl ring to bond 
to the metal, as discussed by Carmona et al.24 for two palladium complexes described by them 
as -1-coordinated.  In those compounds the phenyl ring bonds to a d8-ML3 fragment, thus 
completing a square planar coordination sphere, with M-C distances of 2.29 – 2.44 Å,24,29,30 
slightly longer than the sum of covalent radii (2.09 Å)31 and significantly shorter than the sum 
of the van der Waals radii (3.06 Å).32 
C6F5
PtF5C6
Pt 2 model
PH3
C6F5
PtF5C6
Pt 1 model
PH3
   
PtF5C6
PH3
(CH2)n
Pending arm models  
Figure 5.  Computational models used to probe the 1 and 2 coordinations of a phenyl ring 
to a single metal atom center (n = 1 – 3). 
 To probe the bonding nature of the 1 and 2 interactions of benzene towards 
mononuclear metal centers, we have performed DFT calculations on model platinum 
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complexes with independent and anchored phenyl rings, built up as simplified versions of well 
characterized Pd24 and Pt30 compounds (Figure 5).  The first two models will allow us to 
explore the preferences of Pt for the 1 or 2 interaction with an independent benzene 
molecule, which may act in both cases as a two-electron donor to fulfill the 16-electron count 
required for a square planar platinum(II) ion.  In a second set of models, the phenyl ring is 
brought to close proximity of the Pt atom by coordination of an alkyl arm of varying length.  
Those models might allow us to analyze the relationship of the span between the -
coordinated carbon atom and the phenyl ring with the coordinating ability of the latter.  
 
Figure 6.  Energy of cis-[(F5C6)2(PH3)Pt(C6H6)] as a function of the shortest Pt-C(benzene) 
distance for the 1 and 2 coordination modes of benzene, relative to the optimized 2 
geometry, with the orientation of the benzene molecule relative to the (C6F5)2(PH3)Pt 
fragment frozen as in the energy minimum. 
 Potential energy curves (see Computational Details) for the coordination of benzene to 
the model Pt fragment in both 1 and 2 modes, generated by single point calculations at fixed 
Pt-C distances with the rest of the geometry optimized, are shown in Figure 6.  A fitting of the 
calculated energies to a Morse potential yields energy minima at Pt-C distances of 2.580 (1) 
and 2.556 Å (2).  Upon full geometry optimization and vibrational analysis, we find the 2-
coordinated form to be an energy minimum at Pt-C = 2.568 Å and the 1-one to be a transition 
state in-between two dihapto forms, setting a very small barrier for a fluxional haptotropic 
shift.  The calculated dissociation energy of benzene from [Pt(C6F5)2(PH3)(2-C6H6)] (see 
Computational Details) is 9.5 kcal/mol, significantly smaller than, but comparable to, the 
dissociation energy of ethylene from the analogous complex [Pt(C6F5)2(PH3)(2-C2H4)] at 
the same computational level (14.6 kcal/mol).  From these results we can conclude that the 
benzene molecule is effectively bonded to the metal atom, i.e., it acts as a two-electron donor 
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toward a metal fragment via an 2 coordination mode.  When free from other constraints, this 
coordination mode is slightly favored, but one can expect that steric or geometrical constraints 
which prevent such a coordination mode could induce the alternative 1 coordination with 
only a small loss of bonding energy.  The calculated dissociation energy of benzene from 
[Pt(C6F5)2(PH3)(1-C6H6)] is 8.5 kcal/mol, only 1.0 kcal/mol lower than that of the 2-
coordinated form.  Note that the situation is reversed for the benzonium cation C6H7+, for 
which the 1 structure is a global energy minimum and the 2 one is a transition state.33 
 The C-C bond distance distributions in the 2 energy minimum and the 1 transition 
state follow the trends expected for Lewis structures 4 and 5, respectively, although the bond 
localization within the benzene ring is less pronounced than in the benzonium cation.  Other 
geometrical parameters that witness the lesser perturbation of the arene ring by coordination to 
Pt, as compared to bonding to a proton, are the angles  and .  The shift from the ring plane 
of the hydrogen at the coordinated carbon atom is rather small in both hapticities ( ≈ 6 – 8º), 
and the ring is coordinated in a nearly perpendicular orientation, although with a significant 
difference between the 1 and 2 forms ( = 77 and 97º, respectively). 
R
PtR
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PH3
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PtR
PH3
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1.41 Å
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1.41 Å
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1.40 Å
 
 Next we introduce the model complexes [(F5C6)2(PH3)Pt({CH2}nPh)], in which a 
phenyl ring is attached to a coordinated Pt-(CH2)n- alkyl chain, with n = 1, 2 or 3 (Figure 5, 
right).  Their optimized geometries all have short Pt-Caryl distances (2.31, 2.49 and 2.55 Å for 
n = 1, 2 and 3, respectively).  It is interesting to note that the shorter distances coexist with 
smaller  angles (2), indicating the different affinity of the ipso carbon atom and the rest of the 
ring towards the metal atom.  In the case of a CH2-CH2 arm, that angle is practically identical 
to the one found for our model with an independent benzene molecule, yet the Pt-C distance is 
somewhat shorter for the anchored phenyl group. 
 If we compare now our computational models with related experimental structures 
regarding their position in a hapticity map, we find that the optimized benzene adducts of type 
4 appear at the leftmost part of the 2 zone (Figure 7: 1 = 1.00, 2 ≈ 1.32), in the same zone 
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occupied by a number of experimental structures, some of them very close to the calculated 
molecules.34  The transition states (TS), on the other hand, appear clearly within the 1 region 
(Figure 7), close to several experimental structures of both independent and anchored group 10 
metal complexes.26,35  Finally, the model complexes in which a phenyl group is attached to -
bonded (CH2)n groups appear at different positions depending on the length of the bridging 
alkyl group, but all within the 2 region, surrounded by many experimental structures of 
anchored aryl groups, some of them very close to our calculated structures, either in 
mononuclear,24,36,37 or as bridging groups in metal-metal bonded complexes.37,38  It is to be 
noted that two conformations of minimum energy have been found for 
[(F5C6)2(PH3)Pt(CH2Ph)], which correspond to two alternative 2 coordinations of the arene 
ring. 
 
Figure 7.  Hapticity map for the low hapticity phenyl rings in calculated Pt and experimental 
Ni, Pd, and Pt structures (see Figure 2 and equations 1-2 for definitions).  Calculated structures 
for [(F5C6)2(PH3)Pt(C6H6)] and [(H)3Pt(C6H6)]
- are represented by empty squares, those of 
[(F5C6)2(PH3)Pt({CH2}nPh)] by empty circles, with the value of n indicated inside the circle.  
The corresponding experimental structures of Ni, Pd and Pt complexes are represented by 
small filled squares (independent arenes) and circles (anchored arenes).  For data and 
references see Supporting Information (Tables S4 and S5). 
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Molecular Orbital Localization in 1- and 2-Platinum(II) Complexes. 
 As shown above for the simplest Lewis acid, the proton (Figures 1 and 2), coordination 
of benzene in a low hapticity mode to a transition metal may bring about significant 
localization of its  orbitals.  Such a localization is the result of mixing of the a2u and one of 
the degenerate e1g benzene MOs, whereby the former achieves a significant degree of 
localization at one (1) or two neighboring (2) carbon atoms, as seen in Figure 8.  It must be 
noted that, at difference with the proton, the transition metals have occupied d orbitals that 
may also interact with the benzene  system, thus disfavoring a degree of lone pair 
localization as extensive as found in the benzonium cation. 
 
Figure 8.  Localization of the occupied MOs of A' symmetry of [(H)3Pt(C6H6)]
- built up from 
the benzene a2u and e1g -orbitals (Figure 1) and a metal pd hybrid in the 1 (left) and 2 
(right) coordination modes. 
 The orbital localization upon symmetry descent from D6h to CS in [(H)3Pt(C6H6)]
- can 
be traced back to contributions of the MO's of the free benzene molecule by means of a 
pseudosymmetry analysis.39  Through such an analysis we can decompose each MO as a sum 
of contributions from functions belonging to the irreducible representations of the 
pseudosymmetry D6h group, which is a local symmetry group for the benzene ring.  The 
results (Table 1) tell us that the lowest 1a' MO in both coordination modes is mostly the a2u 
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orbital of benzene, while the 2a' and 3a' occupied orbitals are mostly mixtures of a benzene e1g 
orbital and the metal pd hybrid, as can be seen in Figure 8.  We wish to stress how a small 
degree of mixing of a2u and e1g orbitals induce a significant degree of localization.  It is also 
noteworthy that the metal atom strongly polarizes the lowest 1a' MO, although the resulting 
geometric effect on the benzene ring is small.  A qualitatively similar picture results from a 
pseudosymmetry analysis of the more realistic model cis-[(F5C6)2(PH3)Pt(C6H6)], even if the 
quantitative description is now reversed (see Supporting Information, Table S6), with the 
metal (and C6F5 ligands) participating mostly in the 1a' and 2a' MO,s and the 3a' orbital being 
composed to a greater proportion of the benzene e1g orbital. 
Table 1. Orbital contributions (in percentages) of the three occupied π-type MOs of benzene 
and the xz-type orbital in [H3Pt(1-C6H6)]- and [H3Pt(2-C6H6)]-, in terms of irreducible 
representations of the D6h pseudosymmetry group.  
D6h representation 
 MO E1g A2u E2u Other 
[H3Pt(1-C6H6)]- 1a' 1 91 1 7 
 2a' 38 14 8 40 
 3a' 62 6 6 26 
 1a" 94 0  6 
[H3Pt(2-C6H6)]- 1a' 2 85 1 12 
 2a' 38 13 9 40 
 3a' 63 5 7 25 
 1a" 90 0 3 7 
 2a" 36 0 35 29 
 The higher stability of the 2 coordination mode in a Pt complex is explained by the 
presence of the symmetry-allowed back donation of the dxz pair of electrons to one the e2u 
antibonding π orbitals of benzene (Figure 9).  In fact, the symmetry of the complex is so low 
that this MO (2a") mixes three benzene π orbitals in a bonding combination that belongs to the 
A" symmetry representation of the Cs point group: b1g (10%, included in the "Other" column 
of Table 1) and one orbital from each of the e2u and e1g sets. 
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e1g
e2u
b1g
D6h Cs
A'A"
        
Figure 9.  Left: Symmetry representations of the  orbitals of benzene upon symmetry descent 
to the Cs point group due to its 2 coordination to Pt.  Right: Occupied 2a" molecular orbital 
in [H3Pt(2-C6H6)]- showing the back-bonding interaction. 
Discussion 
 Unlike the benzonium cations, the calculated Pt complexes show a preference of the 
arene ring for an 2 coordination, while the 1 mode corresponds to a bonded transition state 
for a haptotropic shift between two neighboring C-C bonds.  In both coordination modes there 
is a moderate bonding energy consistent with the existence of a coordinative bond between the 
arene and the metal.  
 A topological analysis of the electron density shows in most of our calculated 
complexes a bond critical point between the metal atom and the 1-coordinated carbon atom 
of the phenyl ring, and two M-C bond critical points for the 2-coordinated species.  The 
exceptions are the complexes [(F5C6)2(PH3)Pt({CH2}nPh)] with n = 1, 2, for which no Pt-C 
bond critical point has been found.  The analogous compound with a larger spacer between the 
alkyl and phenyl groups (n = 3), however, also presents a Pt-C bond critical point with the 
phenyl ring, even if the Pt-C distances are larger.  The electron densities at the bond critical 
point present values within the range 0.03 – 0.05.  
 Calculated Wiberg bond indices of the order of 0.1 - 0.2 for the M-C contact in the 1-
coordinated species are consistent with the existence of bonding.  Moreover, bond orders of 
around 0.05 - 0.10 with the two neighboring carbon atoms indicate that the electron pair 
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involved in the donation towards the metal atom is not fully localized and that electronically 
the coordination has a small 3-character, in spite of the geometrical hapticity discussed 
above.  For the 2-bonded species the Wiberg bond indices also have similar values for the 
two M-C bonds (between 0.1 and 0.2), except for [(F5C6)2(PH3)Pt(CH2Ph)] that presents two 
distinct bond indices of 0.20 and 0.13, consistent with its hapticity being intermediate between 
one and two or, equivalently, with two significantly different Pt-C bond distances.  
 The preference for the 2 coordination of an independent benzene molecule to a 
platinum(II) center is consistent with the experimental structural data.  We carried out a 
structural database search for group 10 metal complexes 2- or  1-coordinated by 
independent or anchored arene rings.  When the arene is in contact with a d8-ML3 fragment 
(M = Pd, Pt), the M-C distance is within the ranges 2.22-2.45 and 2.11-2.52 Å for the 1 and 
2 coordinated arenes, respectively, just slightly longer in average than the distances found in 
the related ethylene complexes (2.05-2.29 Å).  In contrast, in some cases in which an anchored 
arene sits on top of an axial position of a d8-ML4 complex (M = Pd
40 or Pt41), it appears to be 
weakly coordinated at M-C distances of 2.82 Å or longer. 
 Independent arenes coordinated in an 1 mode are also found for early transition metal 
ions, such as ScIII,10 TiIV,42 or ZrIV,11 all of them d0 ions that cannot back-bond to the arene, 
which we have seen that is the factor that favors 2 coordination.  Finally, there are many 
examples of arene coordination to AgI and CuI cations, with either mono- or di-hapticity.  It is 
likely that the core-like nature of the d electrons in the silver cation minimizes the back-
bonding interaction that favors the 2 cordination.  To check the coordinative preferences for 
an arene toward silver, we have optimized the structure of the [Ag(CNMe)3(C6H6)]+ cation, 
and found a minimum for the 1 coordination.  The  2 coordinated form was found to be a 
transition state between two equivalent 1 minima with a relative energy of 2.4 kcal/mol.  
Such a flat potential energy surface for the haptotropic shift is consistent with the existence of 
silver-arene adducts in both 1 and 2 coordination modes.  
 There are two relevant aspects of the 1 and 2 coordination of arenes to transition 
metals that deserve a more detailed discussion.  One is the sp3 or p nature of the carbon orbital 
involved in the ring-metal interaction, the other the loss of the delocalized nature of the arene 
ring.  We have seen that when we take a proton as a Lewis acid, bonding to an arene results in 
a  C-H bond.  Therefore, the carbon atom adopts an sp3 hybridization, resulting in angles  
and  (2) of similar values.  This result appears not only in our calculations, but also in the 
structures of benzonium cations, as seen in Figure 10.  In contrast, the 1 arenes bond to 
transition metals in a direction practically perpendicular to the ring, with angles  clustered 
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around 90º.  At the same time, the substituent at the coordinated carbon atom deviates very 
little from the plane of the ring, with rather small angles .  These data clearly indicate that the 
1 coordination of arenes occurs through the  system, unlike the well known 1-Cp 
complexes that form  M-C bonds. 
 
Figure 10.  Distribution of angles  and  in the experimental structures of benzonium 
cations43 (white bins) and in the experimental structures of 1 arene complexes (shaded bins). 
 As for the loss of delocalization of the arene ring, the coordination to a transition metal 
has in general a much lesser effect than the formation of a benzonium cation, specially in the 
1 coordination mode (Table 2).  However, in specific cases small values of the angle  and 
C-C bond distance differences of the order of 0.04 Å seem to reveal a coordination 
intermediate between pure  and pure , as in some benzyl complexes,44 that can be 
schematically represented by the Lewis structure 3.  The 2-coordinated arenes show in 
general a clearer localization of their C-C bonds according to the Lewis structure 6: the 
coordinated bond r is longer than expected for a double bond due to its coordination as 
rationalized by the Dewar-Chatt-Duncanson model, but the two other double bonds, t, are 
clearly shorter than the formal single bonds s and u. 
R
M
c
b
a
           
M
r
st
u
 
 3 6 
Table 2.  Average of the experimental C-C distances (in Å) of arene rings in benzonium 
cations and in arenes 1 and 2-coordinated to transition metals.  
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 C-C dist. Benzonium  1 arenes 2 arenes 
 a 1.46 (3) 1.39 (2)  
 b 1.38 (5) 1.39 (1) 
 c 1.40 (2) 1.38 (1) 
 r   1.40 (3) 
 s   1.41 (3) 
 t   1.38 (2) 
 u   1.40 (4) 
Concluding Remarks 
 The interaction of an arene ring in an 1 mode to a Lewis acid results in an orbital 
localization of one  electron pair at the interacting carbon atom and alters the carbon-carbon 
bond delocalization.  When the Lewis acid is a transition metal, the electron counting rules are 
consistent with two-electron donation from an 1 coordinated arene to d8-ML3 or d6-ML5 
fragments.  Although arenes act as two-electron donors in both 1 and 2 coordination modes, 
the latter is preferred in electron precise complexes, according to our calculations in a model 
Pt complex, because of the back bonding interaction of an occupied d orbital.  The 1 
coordination may appear in Rh, Ir, Ni, Pd and Pt complexes due to the geometrical constraints 
imposed by an anchored arene. 
 Low hapticity arene coordination to d0 metals devoid of back-bonding seems to favor 
1 coordination.  Also the d10 ions AgI and CuI seem to have no special preference between 
1 and 2 coordination.  The MO and structural analysis presented here allows us to conclude 
that the 1 coordination of arenes is truly a -type coordination, at difference with the -type 
1 coordination of Cp.  The similar bonding patterns found for independent and anchored 
arenes point to true coordinative 1 or 2 bonding of flanking arenes in metal-metal multiply 
bonded complexes, in which these arene rings have been often said to present "secondary 
interactions" or to just provide steric protection. 
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Computational Details 
 All the calculations have been obtained at the density functional theory (DFT) level 
using the B3LYP exchange-correlation functional with the help of the Gaussian 09 suite of 
programs.45  Optimized molecular geometries have been obtained with the 6-311G(d,p) basis 
set for all atoms except for Pt for which relativistic Stuttgart/Dresden pseudopotentials and the 
SDD basis set was used.  The analysis of the vibrational frequencies has been carried out 
within the harmonic approximation.  The potential energy curves for the dissociation of the 
benzene ring and the metal fragment as well as the BSSE-corrected interaction energies were 
calculated performing single point calculations on the optimized geometries with the SARC-
ZORA all-electron basis set for Pt.46  Optimization of the lowest energy structure of 
[Pt(C6F5)2(PH3)(2-C6H6)] of Figure 6 with the SDD basis set led to a minimum with the 
benzene ring sitting on top of the PH3 ligand characterized by a vibrational analysis, whereas 
optimization of the 1 form led to a transition state characterized by one negative frequency.  
An alternative 2 geometry with the benzene ring facing one of the C6F5 ligands was found to 
be also an energy minimum, barely 2.4 kcal/mol higher in energy than the other isomer.  To 
calibrate the calculated interaction energies between the benzene molecule and the platinum 
fragments obtained with the SDD basis set, ZORA calculations were performed on both 
structures and BSSE-corrected dissociation enegies of 8.5 and 9.5 kcal/mol were obtained for 
the 1 and 2 structures, respectively. Topological analyses of the electron density have been 
carried out with the AIMAll software.47  
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